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SIMULATOR INVESTIGATION OF COMMAND REACTION CONTROLS*

By Euclid C. Holleman and Wendell H. Stillwell

SUMMARY

Resction controls that command velocity and attitude have been
investigated and are compared to controls that command acceleration.
Proportional accelerastion reactlon controls were found to be satis-~
factory over a much wider range of control effectiveness than were the
on-off acceleration controls. The velocity and attitude controls were
superior to either of the acceleration controls. The proportional
acceleration, velocity, and attitude command systems were found to be
comparable in fuel regquired and were insensitive to practical rockeb
system lage. Dynamic pressure through dihedral effect complicsted the
control problem, but the velocity and attitude systems minimized these
effects. Successful entry could be accomplished with either of the
control systems, but with the acceleration command system the task
regulred much more attention from the pilot.

INTRODUCTION

Exploitation of the ballistic capabllities of present or contem-
plated manned vehicles requires the use of some form of reaction control.
Attitude control will then be possible beyond aerodynamic £flight limits.
Figure 1 shows altitude plotted agalnst Mach number with the sghaded ares
representing dynamic pressure of fram 5 to 10 pounds per square foot.

It is believed that, generally, ebove this regilon reactlon controls will
be required.

Initial investigations of reaction control usage were made by using
an analog simulator. These studies 1lnvestigated on-off acceleration
reaction controls which gave adequate control, but which required con-
stant attention to the control task. Such a reaction control system
was designed for the X-1B alrplane and has been ground-tested by using
a three-degree-of-freedom similstor. Flight tests of these reasction
controls have been initiated.

*pitle, Unclass
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This paper evaluates the effectiveness of reaction controls that
command veloclty and attitude and compares these systems to the accel-
eration commend systems. Although much of the dats were obtained for
ideal systems at zero dynemic pressure, some results are also available
to assess the effects of low dynamic pressure as well as assumed rocket
system lags.

SYMBOLS
Kp attitude feedback gain
Ky velocity feedback gain
a dynarlc pressure, lb/sq ft -
B angle of sldeslip, deg
59 pitch control, percent
6¢ roll control, percent
bw yaw control, percent
e pitching angle, deg
8 pltching velocity, deg/sec
P angle of bank, deg
METHOD

This study was performed utilizing a closed-loop simulation con-
slsting of an analog computer, oscllloscope for presentation, control
stick, and pllot. The analog computer was used to solve the differ-
ential equatlons that represented the alrplane and control system.
Three degrees of freedom were assumed for the zero dynamic pressure
case, and flve degrees of freedom for the finite dynamic pressure case.
Representatlve research sirplane mess and basic aerodynamic charsacter-
istics (table I) for a Mach nurmber of 4.5 were used for the assumed
problem. A three-axes control stick (fig. 2), which is similar to the
controller belng used in the X~-1B airplane, was used for control.. This
stick required up-and-down motion for pitch control, side-to-side motion
for yaw control, and rotation for roll control.
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) Also shown in the figure is the presentation to the pilot. A
trace on an oscilloscope moved up end down to represent pltch, rolled
to signify roll, and a meter indicated yaw.

Since 1t was desired to use these control systems for orlentation
as well as stabilization in the reactlon control regilon, several eval-
uation tasks were employed. The response and precilsion of control were
evaluated by meking pltch, yaw, and roll changes in attitude and by
coordlnsting these changes. This task 1s referred to as the orientation
task. Another control task consisted of sttempting to retein initial
attitude after the lmposition of a sudden constant acceleration of

2 degrees per second® in pitch and yew and 1s termed the stabllization
task.

RESULTS AND DISCUSSION

Previous studies of acceleration on-off reactlon conbtrols indicated
desirable levels of combrol effectiveness and proportioning. A summary
of these results is presented in Ffigure 3, which shows sstlsfactory con-
trol regions that are functions of roll control effectiveness and control
effectiveness ratio. (Control effectiveness 1s defined as the angular
acceleration produced by full control. Control effectlveness ratio 1is
the ratio of roll control effectiveness to yaw or pitch control
effectiveness. )}

For a stgbilizing task the on-off accelerstion controls were satis-
factory within the triangular reglion shown. Higher control effectlve-
ness resulted in overcontrol tendencles. Also shown 1s the value pres-
ently being flight tested with the X-1B airplane. The limits of the
present study are shown by the bars. Although this study was not as
corprehensive in determining the limits of satisfactory control as the
previous on-off study was, the three systems - proportional acceleration
cormand, veloclty command, and attitude command - gave satisfactory con-
trol over the range shown, which 1s a much larger range of control
effectiveness than was cbtained with the on-off controls. Somewhsat

arbitrary values of control effectiveness of 20 degrees per second2 for
roll end a control ratio of 4 were used for sll the results presented.
The results that follow compare the proportional acceleration, velocity,
and attitude systems.

For an suxiliary control system such as the reaction control,
econoricagl operation is of great lmportance. Fuel requirements are one
indication of the effectiveness of the closed-loop control. Figure &
shows a simple block diagram which describes the systems under consid-
ergtion. Also shown is the effect of system feedback gein for the
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veloclty command and the attitude command system on the relative fuel
required for the stebilizatlon task. The fuel requlrements have been
normalized to the acceleration commend system which is represented by
zero velocity gain. For the veloclty commend system the relative fuel
requlired decreases with Increasing feedback gain. A gain of 1.5 gave
good response as well as reasonably good economy and was used for most
of the tests. In the range of attitude feedback gain from 0.l to 0.5
the relative fuel requlred was rather Insensitive to attitude feedback
gein. A vaelue of 0.25, in conjunction wilth a veloclty gain of 1.5,
gave desirable response characteristics for the attltude command system
and was used subsequently.

In figure 5 the fuel required to change pltch attitude 30° and
stabllize in different time interveals is compared for the three systems.
Yaw and roll results are not presented, but these results would be com~
parable. As might be expected, the slower maneuvers require less fuel
than the faster maneuvers. It is apperent thet the veloclty and attl-~
tude command systems are sabout as economlcel as the acceleration command
system. These curves are near minimum fuel requlred for these msneuvers
and are much more easily realized with the velocity or attitude system
than with the acceleration command system, as is illustrated in figure 6.
It should be noted that the pilot control manipulation for the velocity
and sttitude systems is much less than for the acceleration system for
satisfactory completion of the task. Initiel attempts to change atti-
tude with the acceleration system usually resulted Iin overcontrol and
invarlebly resulted in more control menipuletion.

The results dlscussed have concerned ldeal systems with 1deal
rocket characteristics. In flgure T ls shown the effect of practical
rocket thrust response on the relative fuel regulred for the stabill-
zatlon task. Practlcal rocket response 1ls charecterilzed by a delsy end
buildup time. Thrust bulldup times to O.4 second were investigated and
had no measurable effect on the performence of the systems. Delays up
to 0.4 second, which should cover the renge of practical delasys, hed
little effect on the reletlve fuel for any of the three systems. For
the large delay of 0.8 second the velocity and attitude systems showed
only a small Increase in reletive fuel, but the acceleration system

showed & large increase. These trends were even more evident during
orientatlion tasks.

To gain some insight into the effect of dynamlc pressure on the
control task with reactlion controls, stabilizatlon tasks were performed
at constant dynamic pressure. The results of these tests are shown in
figure 8. It can be seen that with the veloclty and attitude systems
there was little effect of dynamic pressure. With the acceleration
system, dynemic pressure can have a marked effect, depending on pilot
technique and effort expended. With very close attentlon to the task,
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the efflcliency of this system can approach that of the veloelty or atti-
tude command systems; however, many meneuvers, though not out of control,
resulted in the fuel required that 1s indicated by the upper bounds of
the crosshatched area. The dynamlc pressure region of 5 to 10 pounds per
squere foot sppears to be a very demending reglon for precise conbtrol
with the acceleratlon system because of dihedrsgl effect.

Figure 9 extends these results by simulsbing the inltial buildup
1n dynamic pressure during a typlcal entry without demper sugmentation.
Constant Mach number was sssumed for this maneuver. Shown are time his~-
torlies of dynamic pressure, sidesllp, yaw control, bank angle, and roll
control for the acceleration (solid line) and veloeclty (dashed line)
command systems. It was the tesk of the pillot to recognlze a sildeslip
misalinement, to zero sideslip, and to mainteln control of the alrplane
during the dynamic pressure bulldup. Successful entry could be ‘accom-
plished with either of the control systems. As dynamlc pressure
Increased, 1t became necessary to control the sideslip precilsely to
prevent large excursions in roll. The veloclty commend system minimized
this task; whereas, wlth the accelerstlon system the task was more dif-
flecult. Roll excurslions of considersble masgnitude were evident espe-
clally In the higher dynamic pressure range. It should be noted, however,
that in this dynamle pressure range the aerodynsmic controls would be of
increasing Importence. With the attitude cormend system, entry was
sccomplished without pllot control.

CONCLUDING REMARKS

A similator study of reaction controls has shown that:

A veloclty or attitude commend reaction control system would facil-
1tate the task of orientetion and stebllization in regions of low dymemic
pressure.

All the systems were insensitive to lags that might be encountered
in practical rocket systems, but at large lags the effectlveness of the
proportional acceleration system deterlorates much more rapidly than
does the effectiveness of the other control systems.

Dynemic pressure complicates the stebilization and orilentation
problem by serodynamically coupling yaw end roll, but this complication
only serves to emphasize the superiorlty of the veloelty and attitude
commuand systems over the acceleratlion system.
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The attitude command systém was superilior to the velocity command
system as a stabilizing device, but the velocity command system was
preferred for orilentation.

High-Speed Flight Station,
Natlional Advisory Committee for Aeronautics,
Edwards, Calif., April 1k, 1958.
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TABLE T.~ ASSUMED CHARACTERISTICS QF THE RESEARCH AIRPLANE

5.5]

[

Physical characteristics:

Wing erea, BQ £F « « ¢ o ¢ ¢ ¢ o o ¢ o ¢ o o ¢ ¢ s ¢« o o o o 200
Wingchord,f'b..,.,.......,,~-.~s~~.s~~.- 10.2
Wing span, £t ¢ o ¢ o ¢ s o o o o o o 0 4 e e e @ e e e 0w 22.h
Alrplene mass, SIUES + « « o « o o o o s o o o o o o = o o o k2o

Moments of inertla:
About X-axis, x*’:llug—:‘."l:.2 e & » & o 4 o e o e s s s s v s a e s 3,500
.A.bOU.'b Y—-a}d.s, Slug-fta - - - ] . - L] [ ] . - - ] - - . . . . L] 73’000
About Z—aJ{iS, Sl'ug-f'ba L] - . . L . . ¢ a L] L] L] - - . - L) - - 75,000

Aerodynamic characteristics:
Demping-in-roll derivative, Clp « « « o @ o ¢ ¢ o o o o o & -0.16

Rolling moment due to yawing veloclty
cross derivabive, Clp ¢ « ¢ ¢ ¢ o o o o o @ s 0 ¢ o o 0 n 0.01

Effective dihedral derivetive, Cyg « o « ¢ o o o o o o o o & -0.086
Damping-in—}"aw deriv&‘bive, Cnr ® e ¢ & 4 &« & & @& @& s 9 ¢ =+ = —0;91

Yawing moment due to rolling velocity
CI‘OSS derivative, Cn'P - - . - - L] ] . L] . e L[] . . L] - . L] -O-l

Directional stability derivative, CnB 4 ¢ a2 o 8 s 4 6 8 o @ 0.17
Pitch~-demping derivative, Cmq_ L P LR =45
Longitudinel stebllity derivetive, Cma, « & & s & s o & s o @ -0.30
Lift-curveslope,CLa’................... 1.6
Leteral-force derivative, CYB T R S
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PERTINENT CONTROL REGIONS
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CONTROL EFFECTIVENESS REGIONS STUDIED
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Tx-us RESEARCH AIRPLANE
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Figure 3

EFFECT OF SYSTEM GAIN
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Figure &



10 g NACA RM H58D22

FUEL REQUIREMENTS FOR 30° ATTITUDE CHANGE
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Figure 5

PILOT CONTROL PROBLEM
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EFFECT OF THRUST LAG
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Figure T
EFFECT OF DYNAMIC PRESSURE
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Figure 8
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CONTROL DURING ENTRY
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